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ABSTRACT 
The Wildhorse Canyon system in south-central Idaho consists 
of a large trunk valley, Wildhorse Creek proper, and a tributary 
valley system to the east, the Fall Creek drainage. The entire 
drainage was glaciated at least twice during the Pleistocene. These 
glacial events are referred to as the Devil's Bedstead advance (old- 
er) and the Wildhorse Canyon advance (younger) and are correlated 
regionally to the Copper Basin Glaciation and Potholes Glaciation 
of the Idaho Glacial Model. 
The upper reaches of Wildhorse Creek and Fall Creek are under- 
lain by distinctly different bedrock types. Thus, each catchment 
area produced tills with unique pebble and heavy mineral suites. 
The distribution of these suites, preserved in terminal moraines, 
demonstrates unmixed ice stream flow and allows inferences to be 
made concerning the flow paths and dynamics of the individual ice 
streams constituting the composite glacier. These inferences in- 
clude: (1) dominance of the Wildhorse Creek glacier during glacial 
maximum; (2) waning contribution of ice from Fall Creek during de- 
glaciation; and (3) separation of the constituent ice streams prior 
to late phases of the Wildhorse Canyon advance. During the latest 
phases, the Wildhorse Creek and Fall Creek glaciers retreated con- 
tinuously, while the retreat of smaller tributary glaciers was pun- 
ctuated by minor stillstands of ice. The differences in the activi- 
ties of the glaciers may be a consequence of a rising ELA and/or 
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a difference in their response times to a climatic cooling. 
Ice surfaces of the former glaciers were reconstructed on the 
basis of trimlines and topographic constraints on flow. Values 
of basal shear stress calculated for some 30 reaches of these gla- 
ciers ranged between 0.5 and 1.6 bars. An estimate for the specific 
net budget was made by using modern glaciers as analogs to the re- 
constructed glaciers. Values for the ablation gradient and maximum 
snow accumulation were 9mm/m and 2.0m respectively. Mass balance 
calculations for an initial model suggested an ELA at about 2804m 
during the late glacial maximum; however the relative sizes of the 
ice streams from the two drainages in this model were inconsistent 
with the provenance data alone. A second model considered orogra- 
phic effects indicated by a steep rise (30m/km) in cirque floor 
elevations to the east. ELAs determined from adjusted net balances 
were calculated to be approximately 2710m for the Wildhorse Glacier 
and 2850m for the Fall Creek Glacier. The accumulation area ratio 
(AAR) of this model is 0.66. Ice flux calculations indicate that 
the proportion of ice from the Wildhorse catchment to that of Fall 
Creek is roughly 3:1, which is in agreement with the provenance 
data. 
INTRODUCTION 
Objectives 
Recent studes (Clague, 1975; Evenson, et al, 1979) have shown 
the value of till provenance investigations in the interpretation 
of the glacial history of deglaciated mountainous terrains. The 
purpose of this study is to present an understanding of the history 
and style of glaciation in the Wildhorse Canyon area, which has 
evolved through traditional mapping techniques (Stewart, 1977) and 
detailed provenance investigations  (Brugger, et al. (1983). 
A second objective is to suggest that the dynamics of individual 
ice streams in a composite glacier are reflected in the till prove- 
nance. 
Location and Geomorphic Environment 
Wildhorse Canyon lies along the central crest of the Pioneer 
Mountains, which divide the drainage of the Big Lost and Big Wood 
Rivers in south-central Idaho (Figure 1). The Wildhorse Creek sys- 
tem drains a catchment area of some 200 sq. km. before merging with 
the East Fork of the Big Lost River, which drains the adjacent Cop- 
per Basin. Ultimately, the East Fork joins the North Fork, Summit 
Creek, and Kane Creek to constitute headwaters of the Big Lost River 
(Figure 2). 
The Wildhorse Canyon drainage system includes the trunk valley 
of the Wildhorse Creek and the major tributary valleys of Fall Creek 
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Figure 2. Major glaciated tributary valleys in the study area. 
and the East Fork of Fall Creek; minor tributaries are from Moose 
and Surprise Valleys, and the Boulder Creek Valley. The canyon 
floor averages approximately 2250m in elevation and is surrounded 
by steep mountainous ridges with several peaks reaching over 3300m. 
Hyndman Peak, at 3681m, is the highest mountain in the area. This 
extreme relief may be the result of late Tertiary to early Quater- 
nary block faulting (Dover 1966; 1969). Subsequent modification 
of the composite valley by at least two Quaternary glaciations has 
created a spectacular alpine landscape. High in the headwaters 
of trunk and tributary valleys, vigorous glacial erosion has left 
multiple cirque basins separated by aretes and horns. Downvalley, 
the present underfit streams are incised into till deposits and 
terraced outwash gravels. 
Bedrock Geology 
Four lithologic groups can be distinguished in the bedrock 
of the Wildhorse Canyon area: Precambrian metamorphic rocks, Paleo- 
zoic carbonate and clastic rocks, Cretaceous granitic intrusives, 
and Tertiary volcanic rocks (Figure 3). Each group is, to a degree 
reflecting its areal distribution, a source of sediment in the 
tills. The distribution and the distinctiveness of the lithologies 
enhanced the success of this study. 
The headwaters of Wildhorse Creek flow northward through Pre- 
cambrian rocks of the Wildhorse Canyon Dome, composed predominantly 
of the Wildhorse Canyon Migmatitic Gneiss Complex (Dover, 1966; 
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Figure 3.   Generalized bedrock map of Wildhorse Canyon showing 
major lithologic groups (modified after Dover et al., 
1976). 
1969) and lesser amounts of schists and quartites of the Hyndman 
Formation, restricted to cirque headwalls flanking the summit of 
Hyndman Peak. 
The upper reaches of the Fall Creek drainage is underlain by 
Cretaceous/Tertiary granitic intrusives (Dover, 1966; 1969; 1981). 
These gneissose quartz diorites and quartz monzonites occur as an 
extensive intrusive sheet which separates the migmatites from the 
overlying Paleozoic sedimentary rocks.  In addition, relatively 
large outliers of this granitic body are exposed in cirques along 
the western and southern boundaries of the upper Wildhorse Creek 
catchment basin. 
The Wildhorse thrust (Dover, 1981) marks the contact of the 
early to middle Paleozoic clastic and carbonate rocks of the Copper 
Basin Formation (Nelson and Ross, 1969; Paul 1 et al., 1972; Dover, 
1981) toward the north, with the intrusive complex of the Pioneer 
Mountains to the south. The Copper Basin Formation consists of 
a thick flysch sequence (Dover, 1981) consisting predominantly of 
argillites and quartzites, with minor conglomerate and carbonate 
units. Autochthonous calcereous rocks of Ordovician through Devon- 
ian age are exposed in the Wildhorse Window, near the junction of 
Fall Creek and Wildhorse Creek. Isolated remnants of Challis Vol- 
canics lie on the boundaries of the Wildhorse Canyon drainage. 
These represent the remaining deposits of a once vast accumulation 
of andesitic to latitic flows and pyroclastics extruded during a 
period of Tertiary volcanism. 
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GLACIAL GEOLOGY OF WILDHORSE CANYON AND ADJACENT AREAS 
Glacial deposits in the Pioneer Mountains were first noted 
by those studying the bedrock geology (Umpleby et al., 1930; Dover, 
1966; 1969; 1981; Nelson and Ross, 1969). Nelson and Ross (1969) 
originally mapped deposits of two ages in the Copper Basin, eight 
kilometers to the east of Wildhorse Canyon (Figure 1). These depo- 
sits were originally correlated on the basis of similarities in 
morphological and weathering characteristics with those of the Bull 
Lake (older) and Pinedale (younger) Glaciations in the Wind River 
Mountains, Wyoming (Blackwelder, 1915; Richmond, 1965; 1976). 
Subsequent studies concerned specifically with the glacial 
geology of the area began with Wigley (1976) and Pasquini (1976). 
From his detailed mapping, Wigley (1976) recognized deposits of 
three late Quaternary glaciations in the Copper Basin, which he 
correlated tentatively with the Bull Lake (oldest), Pinedale (mid- 
dle), and Neoglacial (youngest) Glaciations of the Rocky Mountain 
Glacial Model (Mears, 1974; and references therein). The oldest 
glaciation in the Copper Basin may have been a single event; however 
poorly preserved outwash remnants suggest the possibility of two 
stades of ice (Wigley, 1976). Wigley locally subdivided the young- 
est glaciation into four stades based on recessional moraines. 
Several intervals of Neoglacial activity are implied by the cross- 
cutting and overriding relationships of rock glaciers and protalus 
ramparts in high, protected cirques. 
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A similar glacial  chronology was developed by Cotter  (1980) 
working in the drainage of the North Fork of the Big Lost River. 
Cotter    (1980),  however, developed a local stratigraphic nomencla- 
ture to "avoid both the implications of a long-distance correlation 
and the ambiguities of the terms,  'Bull  Lake1   and  'Pinedale'"  (p. 
84).    Thus, he distinguished deposits of an older Kane advance, 
and of four "stadials" of a younger North Fork Advance.    A full 
description of the glacial history of the North Fork drainage is 
given by Cotter and Evens on  (1983). 
In Wildhorse Canyon, Stewart (1977) differentiated tills of 
two glaciations by their stratigraphic position and morphologic 
expression.    Despite the lack of direct stratigraphic or absolute 
age correlation, Stewart correlated the glacial events of Wildhorse 
Canyon with the Bull  Lake and Pinedale Glaciations of the Rocky 
Mountain Glacial  Model.    Recently, however, Evenson et al.   (1982) 
have developed local stratigraphies for individual  basins in the 
Pioneer Mountains.    These stratigraphies form the basis for their 
"Idaho Glacial Model".    The Idaho Glacial Model  recognizes three 
regional glaciations to which local events are correlated.    Table 
1 presents local  stratigraphic nomenclature used for the Wildhorse 
Canyon, North Fork, and Copper Basin areas and shows correlations 
made with the Idaho and Rocky Mountain Glacial  Models.    Thus the 
deposits originally mapped as Pinedale or Bull  Lake age by Stewart 
1977 are now referred to as "Wildhorse Canyon" and "Devil's Bed- 
stead" respectively. 
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Table 1. Nomenclature used for individual basins in the Idaho 
Glacial model and correlations with regional stra- 
tigraphies. 
ROCKY 
MOUNTAIN GLACIAL 
MODEL 
IDAHO 
GLACIAL 
MODEL 
NORTH 
FORK 
DRAINAGE 
WILDHORSE 
CANYON 
COPPER 
BASIN 
Pinedale 
Glaciation 
Potholes 
Glaciation 
IV 
North — 
III 
Fork  — 
II 
Advance— 
1 
IV 
Wildhorse 
III 
Canyon — 
ll 
Advance — 
1 
IV 
Road  — 
III 
Creek — 
II 
Advance— 
1 
Bull 
Lake 
Glaciation 
Copper 
Basin 
Glaciation 
Kane 
Advance 
Devil's 
II 
Bedstead — 
1 
Advance 
Ramey 
II 
Creek  — 
l 
Advance 
Pre-Bull 
Lake 
Glaciation 
Pioneer 
Glaciation 
Not 
Recognized 
Pole 
Creek 
Advance 
Bellas 
Canyon 
Advance 
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The oldest till in Wildhorse Canyon occurs as two large lateral 
moraines on the east and west valley walls at the canyon mouth (Fi- 
gure 4). These moraines of the Devil's Bedstead advance are situ- 
ated topographically above the oldest moraines of the younger Wild- 
horse Canyon advance, at a maximum elevation of 2560m (8400 ft.). 
The Devil's Bedstead moraines exhibit a subdued surface morphology 
typical of older, Bull Lake moraines throughout the Rocky Mountains, 
(Richmond, 1965; Mears, 1974) including the Pioneer Mountains (Wig- 
ley et al., 1978; Evenson et al., 1979; Cotter, 1980). Surficial 
boulders are scarce and well weathered. The moraines are extensive- 
ly dissected by small tributary streams. Devil's Bedstead moraine 
remnants document a single advance of ice; however, as in the Copper 
Basin, two sets of outwash gravels 20-30m above the present drainage 
of the East Fork of the Big Lost River imply that this older glaci- 
ation consisted of two stades. 
Deposits of the Wildhorse Canyon advance are the most widespread 
and best preserved in the study area. Wildhorse Canyon-aged till 
exists as a series of well developed terminal moraine complexes 
(Figure 4), each sourcing distinct outwash terraces. The morpho- 
logy of these moraines is in marked contrast to that of the Devil's 
Bedstead moraines. Moraine forms of the Wildhorse Canyon advance 
are steep sloped and sharp crested, and surface morphology is rugged, 
with kettles and other ice disintegration features still apparent. 
Surface boulders are relatively abundant; and dissection by streams 
is not as pronounced as in Devil's Bedstead deposits. Moraines 
12 
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Figure 4.   Generalized map showing major till deposits in the 
Wildhorse Canyon area (modified after Stewart, 1977). 
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attributed to the Wildhorse Canyon Glaciation (Wildhorse Canyon I 
through Wildhorse Canyon IV) cannot be subdivided using morphologic 
criteria, but can be differentiated on the basis of downvalley ex- 
tent and stratigraphic association with outwash terraces. On this 
basis, four stades (I-1V) of the Wildhorse Canyon advance are evi- 
dent. Neoglacial deposits in Wildhorse Canyon consist of undiffer- 
entiated rock glaciers and pro-talus ramparts. 
The glacial chronology of Wildhorse Canyon, established by rel- 
ative dating techniques, is consistent with others developed within 
the Pioneer Mountains (Wigley, 1976; Cotter, 1980; Evenson et al., 
1982) (Table 1). Events recorded in the Pioneer Mountains include 
two stades of the older Copper Basin glaciation, four stades of the 
Potholes glaciation, and several episodes of Neoglacial periglacial 
activity. Evidence of a still older glaciation (Pioneer Glaciation) 
exists as highly weathered, elevated terrace gravels, exposed in the 
Copper Basin (Wigley, 1976) and along the East_Fork of the Big Lost 
River (Stewart, 1977). The chronologies developed locally are simi- 
lar to those used throughout the Rocky Mountains, but differ in the 
subdivision of the younger ("Pinedale") glaciation. Regionally, the 
Rocky Mountain Glacial Model (Mears, 1974) includes of three stades 
were reported in Wyoming and Montana by Graf (1971) and in Colorado 
by Kiver (1972). It has been suggested (Mears, 1974; Curry, 1974) 
that these deposits represent equivalents to the pre-altithermal 
Temple Lake Moraine in the Wind River Mountains (Moss, 1951; Miller 
and Birkeland, 1974; Curry, 1974) and those of the Satanta Peak 
14 
Advance in the Colorado Front Range (Benedict, 1973). Richmond 
(pers. comm., 1981) now recognizes four stades of the Pinedale 
Glaciation in the Wind River Mountains and includes the Temple Lake 
Moraine in this fourth stade. 
15 
METHODS 
Detailed study of the till provenance involved two phases of 
fieldwork. Initially a reconnaissance geologic survey of Wildhorse 
Canyon was undertaken to become familiar with the distribution of 
the bedrock types, and their distinguishing gross lithologic fea- 
tures. This facilitated the identification of clasts in the tills, 
and hence their sources. The second phase consisted of extensive 
sampling of the tills. Sampling sites were located by superimposing 
a grid of variable dimensions on the area enclosed by a deposit 
on aerial photographs. The dimensions of the sampling grid for 
a particular deposit were an arbitrary function of its location, 
and to a lesser degree its size (e.g. a large moraine near the con- 
fluence of major tributary valleys was given a heavier sampling 
density than a small occurrence of till confined to a cirque basin). 
At each of 82 sampling sites thus determined (Figure 5A-C), 100 
pebbles were collected from a depth of 45-90cm and classified on 
the basis of lithology. Additionally, a sample of the till matrix 
(fine fraction) was collected for later laboratory analysis of heavy 
mineral suites. 
In the laboratory each matrix sample was seived into its con- 
stituent 1, 2, 3, and 4 phi size fractions. The 3 phi size was 
selected for heavy mineral analysis as it may represent the terminal 
grade of most heavy minerals in glacial transport (Dreimanis and 
Vagners, 1971). Separation of the heavy minerals was accomplished 
16 
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Figure 5.    Sample locations and pebble compositions of tills in 
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with tetrabromethane adjusted to a specific gravity of 2.75 with 
dimethylformanide. The heavy residues were mounted on petrographic 
slides with thermoplastic quartz cement. Using a petrographic 
microscope with mechanical stage, a point count of 400 grains was 
performed on 46 selected samples (Figure 5). Grains were identified 
by standard petrographic techniques including: color, birefrin- 
gence, form, cleavage, relief, optical character, extinction and 
dispersion. 
The pebble and heavy mineral data were analyzed using the sta- 
tistical methods of factor and cluster analysis. Factor analysis 
is designed to extract hypothetical "factors" among variables (R- 
mode) or samples (Q-mode) containing all the essential information 
inherent in the larger set of data. In essence, this is done by 
the construction of n-number of mutually orthogonal reference vec- 
tors, or factors, composed of linear combinations of the variables 
(sampled), each accounting for a percentage of the total sample 
variance. Thus the composition of an individual sample can be 
expressed in terms of these factor axes by a factor score. The 
factor axes can be oriented to make interpretations easier by a 
technique referred to a "variamax rotation" (Klovan, 1975). While 
the results of R-mode factor analysis are reported in this study, 
Q-mode analysis produced similar results. 
Factor scores of the samples were subjected to Q-mode cluster 
analysis in order to group samples of similar composition, and pre- 
sumably provenance. The analysis here (modified after Parks, 1970) 
19 
uses a distance coefficient as a measure of similarity and provides 
a hierarchical dendrogram on which groups can be chosen at any de- 
sired level of similarity. For a detailed discussion of these 
methods the reader is referred to Parks (1966) and Klovan (1975). 
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RESULTS AND DATA ANALYSIS 
Reconnaisance of the bedrock geology in Wildhorse Canyon con- 
firmed the distribution of lithologic types shown in Figure 3. 
Outcrops of Precambrian gneisses and metasedimentary rocks are uni- 
que to the Wildhorse Creek and Boulder Creek catchment areas. Cre- 
taceous/Tertiary granitic intrusives, while not being unique to 
the Fall Creek drainage, exclusively underlie the headwaters of 
Upper Fall Creek and its tributaries (Moose and Surprise Valleys). 
Minor amounts of these intrusive rocks also occur in headwater 
areas of the East Fork of Fall Creek, and they crop out within the 
catchment of Wildhorse Creek. The lower reaches of Wildhorse, Fall 
and East Fork Creeks are cut into Paleozoic clastic and carbonate 
rocks with Tertiary volcanic rocks exposed high on valley walls 
and interfluves (Fig. 3). 
In outcrop and hand specimen, these major rock groups (Precam- 
brian metamorphics, granitic intrusives, Paleozoics and volcanics) 
can easily be distinguished by their gross lithologic features. 
The Precambrian metamorphic suite consists largely of clear, 
light-colored quartzitic gneisses to gneissose quartzites and, to 
a lesser extent, biotite and pelitic schists, phyllites, and amphi- 
bolites. The granites, quartz monzonites, and quartz diorites are 
coarse-grained to porphyritic in texture with distinctive pheno- 
crysts of pink feldspar. The Paleozoic lithologies are of obvious 
sedimentary origin and included dark quartzites and argillites, 
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limestones, and conglomerates. The volcanic rocks are typically 
andesitic in composition, displaying phenocrysts of plagioclase 
feldspar set in a dark-colored, fine-grained matrix. 
The Precambrian metamorphic and Cretaceous granitic pebbles 
are the most useful indicators of till provenance because of the 
distribution of these rock-types in the tributary canyons (Fig. 
3). Clasts of the Paleozoic sedimentary units and Tertiary vol- 
canics are not as diagnostic of a particular source area, as all 
major ice streams flow through areas dominated by these bedrock 
types (Fig. 3). Moreover, significant numbers of Tertiary volcanic 
pebbles appear in so few samples that they are excluded from further 
discussion. 
Pebble Lithology Data 
Pebble composition (percent Precambrian metamorphic vs. Creta- 
ceous granitic) of the tills in the Wildhorse Canyon area are shown 
in Figure 5A-C. A complete list of pebble types in each sample 
is given in Appendix I. Till pebble assemblages of the Wildhorse 
Canyon-aged tills deposited at the mouth of the canyon (Figure 5A) 
are dominated (88% average) by Paleozoic carbonate and clastic lith- 
ologies, but the major differences in till composition, and there- 
fore provenance, are reflected by the distribution and percentages 
of metamorphic and granitic lithologies. For example, tills from 
the larger Wildhorse Canyon I moraine segment of the east side of 
the valley (Fig. 5A) contain only the granitic indicator lithology 
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while both indicator lithologies (Precambrian metamorphics and Cre- 
taceous granitics) occur with nearly equal frequency in the smaller 
Wildhorse Canyon I moraine segment on the far east side of the val- 
ley (Fig. 5A). The moraines on the west side of the valley are 
characterized by an average till pebble assemblage of 15% meta- 
morphic and 1% granitic lithologies. 
Figure 5A clearly shows a distinct compositional break in the 
tills of the Wildhorse Canyon II terminal moraine complex. With 
respect to the indicator lithologies, till to the east of this break 
has substantially higher proportions of granitic clasts than of 
metamorphic clasts. In fact no sample contained more than 1% meta- 
morphic pebbles whereas the samples average 9%  granitic pebbles. 
Till to the west of the break has, in contrast, an average of 9% 
metamorphic and 2%  granitic lithologies in its pebble size fraction. 
Pebble assemblages in the tills deposited near the confluence 
of Wildhorse Creek and Fall Creek are shown in Figure 5B. These 
tills, which include the large Wildhorse Canyon II lateral moraine 
on the west and a Wildhorse Canyon III terminal moraine (complex 
"A"), are composed of clastic and carbonate, metamorphic, and gran- 
itic lithologies. The percentages of clastic and carbonate pebbles 
are variable, but are much lower than those in tills deposited at 
the canyon mouth. With the exception of the Wildhorse Canyon III 
moraine remnant northeast of the confluence, this decrease is accom- 
panied by a relatively large increase in the percentages of metamor- 
phic clasts, and only a slight increase in the percentage of grani- 
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tic pebbles. Overall, the composition of the tills deposited here 
can be described as having a mean composition of 46% metamorphic 
and 10% granitic lithologies. 
Wildhorse Canyon III terminal moraine complex "B" is also shown 
in Figure 5B. This complex, previously mapped as Pinedale IV by 
Stewart (1977) is reassigned to the Wildhorse Canyon III advance, 
on the basis of provenance analysis. Uncertainty exists as to the 
downvalley extent of the moraine segment on the north side of the 
junction of Fall Creek and the East Fork of Fall Creek. Till which 
forms this moraine is contiguous with a diamicton having a hummocky 
morphologic expression, but composed solely of Paleozoic elastics 
and carbonates; granitic erratics, which are common in the adjoining 
till valley, are conspicuously absent in pebble, cobble, and boulder 
size-fractions. The morphology and composition of the diamicton 
are thus diagnostic of a slump from the Paleozoic bedrock outcrop- 
ping on the valley wall above. Neglecting the two samples obtained 
in this area of suspected slump, pebble assemblages are dominated 
by clastic and carbonate lithologies with subordinate amounts of 
granitic clasts, but contain no metamorphic clasts. 
Pebble assemblages in moraines of the Wildhorse Canyon IV ad- 
vance in the valley of the East Fork of Fall Creek (Figure 5C, com- 
plex "C" and "D") consist of clastic, carbonate, and subordinate 
granitic lithologies, which account for an average of 40% of the 
till composition. Correlative deposits high in Surprise Valley 
(Figure 5C, complex "B") and on the south side of the mouth of Moose 
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Valley (complex "A") are composed entirely of the local granitic 
bedrock. No Precambrian metamorphics occur in the tills of this 
area. 
Heavy Mineral Data 
Petrographic study of the heavy minerals in the tills revealed 
seven species which appear in a sufficient number of samples to 
warrant their use as indicators of provenance. These are: horn- 
blende, biotite, clinopyroxene + diopside (henceforth called "CPX"), 
calcite, sphene, monazite, and garnet. These seven minerals account 
for an average of 82% (340) of the grains counted for each of the 
46 samples obtained at the locations shown in Figure 5A-C. The 
remaining heavy minerals consist primarily of: grains altered be- 
yond recognition, undifferentiated opaque minerals, and species 
which are present in low numbers in \/ery  few samples. 
The heavy mineral compositions of the till samples are listed 
in Table 2. Subtle relationships among the data are obviously dif- 
ficult to discern "by eye", but some general trends are evident. 
These trends can be outlined as follows: 
(1) Hornblende and biotite are ubiquitous in relatively high 
proportions throughout the sample population and therefore are not 
useful in determining source areas. The other five minerals are 
consistently present in varying amounts in distinct subpopulations, 
which can be interpreted to reveal the source area of the till. 
(2) CPX is absent in till forming the larger Wildhorse Canyon I 
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Table 2. Compositions of the heavy mineral samples. (Locations shown 
in Figure 5.) 
Sample Hbl Biotite CPX  Calcite  Sphene  Monazite  Garnet 
1-1 56 24 0 17 3 <1         0 
1-3 . 42 39 0 16 2       1         0 
1-4 34 22 0 42 2       1         0 
1-7 33 53 0 12 2       1         0 
1-9 44 19 0 35       2       2         0 
1-11 71 8 6 8 6       1         0 
1-13 25 19 54 0       1       0        0 
1-15 54 25 20 <1       1       1 
1-17 67 19 10 2       1       0 
1-19 50 22 27 .0       0       1 
1-21 44 17 38 1       0 <1 
1-23 34 18 46 3       0 "0 
1-25 57 33 29 0       1       0 
1-27 39 48 13 0 <1 <1 
2-1 28 24 1 45 3 0 0 
2-5 31 13 <1 54 1 1 0 
2-7 40 14 8 34 2 <1 0 
2-9 36 28 9 25 1 0 1 
2-11 45 22 8 22 1 1 0 
2-13 51 11 10 27 2 0 0 
2-15 51 28 11 9 1 <1 <1 
2-17 52 14 23 8 2 1 1 
2-19 44 37 7 9 2 1 <1 
2-21 37 37 14 12 1 1 1 
2-23 27 30 31 11 1 1 0 
2-25 39 21 39 0 1 0 <1 
2-28 40 25 35 0 <1 0 1 
2-30 41 30 28 0 1 4 <1 
3-1 49 17 31 0 0 0 2 
3-3 50 12 55 1 1 1 1 
3-5 57 6 36 1 0 0 1 
3-7 44 52 2 0 1 <1 0 
3-9 56 35 3 2 2 2 0 
3-11 55 34 1 8 2 1 0 
3-13 50 25 2 20 2 1 0 
4-1 52 38 0 <1 7 2 0 
4-3 65 10 1 0 21 5 0 
4-5 62 32 0 0 6 1 0 
4-7 34 60 0 0 6 1 0 
4-8 58 36 0 0 4 2 0 
4-11 51 44 ' 1 0 4 1 0 
4-13 35 63 <1 0 2 <1 0 
4-14 57 39 <1 0 3 1 0 
4-15 49 45 0 0 5 2 0 
4-16 64 32 0 <1 2 1 0 
4-17 62 32 0 0 5 1 0 
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moraine on the east side of the mouth of Wildhorse Canyon (Figure 
5A and Table 2). On the west side, till of equivalent age averages 
30% CPX in its heavy mineral assemblage. In the Wildhorse Canyon 
II till deposited at the canyon mouth, CPX is virtually absent east 
of the compositional break noted in Figure 5A, while being present 
in moderate quantities (13%) east of this break. CPX compromises 
34% of the heavy mineral fraction in both the large Wildhorse Canyon 
II lateral moraine and the Wildhorse Canyon III moraine segment 
west of Wildhorse Creek (Figure 5B). However, CPX is a minor compo- 
nent in Wildhorse Canyon till deposited immediately east of the 
confluence of Wildhorse and Fall Creeks, typically making up 2% 
of the heavy mineral assemblage. Furthermore, CPX becomes insigni- 
ficant in the tills lying upvalley in the Fall Creek and East Fork 
drainages, i.e. the Wildhorse Canyon III terminal complex B, and 
Wildhorse Canyon IV terminal complexes A, B, C, and D. 
The presence of garnet seems to be associated with high percen- 
tages of CPX. The distribution of both CPX and garnet suggests 
that these two minerals are related to the metamorphic source area 
in the upper reaches of Wildhorse Canyon. 
(3) Sphene and monazite are present in tills on the eastern side 
of the trunk valley, and in tills deposited in the Fall Creek drain- 
ages. There is an inverse relationship between the abundance of 
sphene + monazite and CPX + garnet. This suggests that sphene and 
monazite are associated with the granitic intrusives in the Fall 
Creek drainage. 
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(4)    Calcite is present in appreciable quantities only in the tills 
at the mouth of the canyon, especially on the east side of the can- 
yon.    Calcite occurrence is related to the abundance of Paleozoic 
rocks, which occur only in the lower reaches of the canyons. 
Statistical  Analysis 
Because of the multivariate nature of the data, pebble and 
heavy mineral  data were subjected to R-mode factor analysis in order 
to determine the interrelationships between variables.    Resulting 
factor scores of the data were then analyzed by Q-mode cluster anal- 
ysis.    Combined, these two techniques proved extremely useful in 
grouping samples of similar composition, particularly with the heavy 
mineral data. 
The Precambrian,  Paleozoic, and Cretaceous lithologies were 
used as variables for the factor analysis of the pebble data.    This 
resulted in two factors accounting for 49% and 39% of the total 
sample variance respectively (Figure 6A).    Factor 1 suggests a nega- 
tive correlation between Paleozoic lithologies and Cretaceous grani- 
tics.    Similarly, Factor 2 implies a negative correlation between 
Precambrian metamorphic pebbles and the Paleozoic lithologies. 
On the basis of the factor scores, cluster analysis defined 
four compositional groups at a distance coefficient of about  .15 
(Figure 6B).    The actual composition of these groups are shown in 
Figure 6C.    Samples in both groups  1 and 2 are composed predominant- 
ly of clastic and carbonate pebbles.    However, group 1 is skewed 
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Figure 6. (A) Factor loadings on pebble variables: 1-metamorphic; 
2-carbonate and clastic; 3-granitic. 
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Figure 6.    (C) Ternary plot of pebble group compositions, 
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toward a metamorphic composition while group 2 is more strongly 
skewed toward the granitic end-member.    Group 3 includes samples 
whose assemblages are moderate to high in metamorphic clasts.    The 
two samples  (4-13,  14-15) which comprise group 4 consist of 100% 
granitic pebbles. 
The cluster groups associated with the individual  till  samples 
are illustrated as maps in Figure 7A-C.    At the mouth of the canyon, 
group  1  samples  (sedimentary units + metamorphics) are located on 
the west and central  portions of the canyon, while group 2 samples 
(sedimentary units + granites) are deposited on the east side of 
the canyon.    The compositional break between these two statistically 
defined groups is identical  to the break defined in Figure 5A, from 
the raw data.    At the confluence of Wildhorse Creek and Fall  Creek 
(Figure 7B) tills of Wildhorse Canyon II  lateral moraine and Wild- 
horse Canyon III moraine complex A are statistically classified 
into group 1   (sedimentary + metamorphic) or group 3 (metamorphic 
+ sedimentary), while tills in the Fall Creek drainage are classi- 
fied into group 2 (sedimentary + granite)  and group 4 (granite). 
R-mode factor analysis using the seven indicator minerals as 
variables extracted 4 factors accounting for 80% of the total  vari- 
ance in the heavy mineral assemblages  (Figure 8A).    Factor 1 ex- 
plains 42% of the variance as an inverse relationship between CPX 
+ garnet and sphene + monazite; that is the presence of CPX and 
garnet is associated with the absence of sphene and monazite,  as 
noted before.    Factor 2, explaining 23%, indicates a similar rela- 
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WILDHORSE 
CANYON      II   TERMINAL 
MORAINE    COMPLEX 
SIGNIFICANT MINERAL ASSEMBLAGES 
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B CALCITE. CPX. SPHENE 
C HBL, CPX'SPHENE, MONAZITE 
D CPX 
E CPX 
F HBL, SPHENE, MONAZITE 
G BIOTITE, SPHENE 
CL/CARB META 
Figure 7 Distribution of statistically defined compositional 
groups. Break in till composition in (A) noted by 
arrows. 
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tionship between hornblende (and possibly biotite) and calcite. 
Factor 3 (14%) suggests a weak negative correlation may exist be- 
tween biotite and hornblende in some samples. Factor 4 accounts 
for only 9% of the sample variance and reveals no significant rela- 
tionships among the variables. 
Cluster analysis resolved the heavy mineral assemblages of 
tills in Wildhorse Canyon into seven compositional groups at a level 
of .15 (Figure 8B). It is difficult to graphically describe these 
groups in terms of their actual composition because such a descrip- 
tion would involve seven-dimensional space. Instead, the average 
composition of all samples belonging to each group is shown below 
in Table 3. From Table 3, the significant mineral assemblage pre- 
sent in each of the seven groups are, in decreasing abundance, as 
fo11ows: 
Group A--calcite, sphene 
Group B--calcite, CPX, sphene, garnet 
Group C--hornblende, CPX equaling sphene, monazite 
Group D—CPX garnet 
Group E--CPX, garnet 
Group F--hornblende, sphene, monazite 
Group G--biotite, sphene 
This statistical representation of mineral assemblages in the 
tills is shown in Figures 7A-C. The distribution of the cluster 
groups is most striking at the mouth of the canyon (Figure 7A). 
Here the compositional break discussed previously also marks an 
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Table 3.   Average composition (%) of heavy mineral groups. 
Group Mineral Species 
Hornblende Biotite     CPX Cairn-*     cr,u„„ » ur* uaicite     Spnene Monazite     Garnet 
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abrupt change in the heavy mineral composition of the tills. Miner- 
al assemblages to the east of the break are classified as group 
A, or in one case, group C. Assemblages in the tills west of the 
break are represented by group B in the Wildhorse Canyon II moraine, 
and groups D and E in the Wildhorse Canyon I moraine. Upvalley, 
the Wildhorse Canyon II lateral moraine and Wildhorse Canyon III 
moraine segment deposited on the west side of Wildhorse Creek (Fig- 
ure 7B) are composed of mineral assemblages best described by groups 
D and E. The mineralogic composition of the remaining segments 
of Wildhorse Canyon III terminal complex A is diverse, including 
groups A, C, and G. Mineral suites of the tills deposited within 
the Fall Creek drainage appear relatively homogeneous, represented 
by group G with one exception (Figure 7C). 
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DISCUSSION 
Till  Provenance 
Pebble compositions of the tills in Wildhorse Canyon clearly 
indicate the source areas from which the tills were derived,  and 
therefore reveal  the flow path of the ice stream responsible for 
their deposition.    Thus,  till containing high proportions of meta- 
morphic pebbles were deposited by glaciers flowing out of Wildhorse 
Canyon proper, including the Boulder Creek drainage.    Similarly, 
those tills having high proportions of granitic clasts and lacking 
metamorphic clasts are attributed to ice from the Fall  Creek source 
areas.    The few granitic pebbles which occur in the till  associated 
with the metamorphic source are derived from outcrops of the intru- 
sive within the Wildhorse Catchment.    Near their respective sources, 
these indicator lithologies assume relatively high percentages 
in the pebble assemblages of the tills.    Downvalley, their numbers 
decrease,  reflecting the dilution caused by the incorporation of 
clastic and carbonate debris as the glaciers traversed the Paleozoic 
terrain. 
Statistical  analysis of the provenance data provides an objec- 
tive means to distinguish subtle differences in till compositions. 
Moreover, it affords a sorting of samples of similar composition 
into geologically meaningful groups.    Among the compositional  groups 
defined above for pebble data, two types of suites are recognized. 
The   presence of metamorphic pebbles in the samples of group  1 
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indicates that the till was ultimately derived from the Wildhorse 
source area. The composition of the till represented by group 
2 implies that these tills originated in the granitic bedrock of 
the Fall Creek drainage. However, pebble assemblages of both groups 
are dominated by clastic and carbonate lithologies, and these groups 
are therefore interpreted as "diluted source suites". In contrast, 
groups 3 and 4 are interpreted as "source suites"; that is, each 
is composed predominantly of lithologies exposed in the bedrock 
of the Wildhorse and Fall Creek source areas respectively, with 
little or no dilution. 
"Source suites" and "diluted source suites" could also be 
recognized among the heavy mineral groups, but it was first neces- 
sary to identify the source(s) of each mineral species. This was 
greatly facilitated by the petrographic studies of Dover (1966, 
1969, 1981), and to a lesser extent, the mineral's association 
with particular pebble groups. Hornblende and biotite occur as 
both characterizing and minor accessory minerals in the rocks under- 
lying the upper Wildhorse Creek and Fall Creek drainages. Horn- 
blende and biotite are thus found in high proportions in tills 
from both source areas (Table 2). The source of CPX (diopside) 
appears to be a calc-silicate marble bed which "forms prominent 
outcrops in the high cirques west of Wildhorse Creek" (Dover, 1981, 
p. 24). Significant amounts of CPX are found only in those tills 
derived from metamorphic bedrock, groups 1 and 3 (Figure 7). 
Although calcite is present in the metamorphic bedrock, it is not 
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abundant in the tills deposited upvalley.    Calcite is a major con- 
stituent of the mineral  assemblages in the diluted tills at the 
mouth of the canyon  (Table 3, Figure 5),  which suggests that the 
calcite grains,  like the carbonate clasts, were incorporated as 
dilutants from the Paleozoic rocks.    Sphene and monazite are common 
in the granitic rocks  (Dover,  1969)  and this is reflected in their 
association with tills rich in granitic clasts  (groups 2 and 4; 
Figure 7).    Garnet occurs locally in Dover's (1969,  1981) basal 
unit of the migmatic gneiss complex.    This unit is exposed in cirque 
basins on the western side of Wildhorse Creek where it is surrounded 
by the CPX-bearing marble  (Dover,   1981, Plate 2).    These exposures, 
poor in terms of providing supraglacial debris, may well  explain 
the scarcity of garnet in the tills,  as well  as its close associ- 
ation with CPX (Table 3). 
The fact that heavy mineral sources are often unevenly distri- 
buted in areas of otherwise grossly homogeneous bedrock gives rise 
to asymmetrical dispersal  patterns for heavy minerals in the Wild- 
horse Catchment.    The idealized dispersal  paths in this area are 
illustrated in Figure 9.    CPX (and garnet) was preferentially car- 
ried by ice emanating from the cirques in the west.    The Precambrian 
bedrock underlying eastern Wildhorse provided fewer distinctive 
minerals. 
The distribution of carbonate rocks also leads to an asymmetric 
dispersal of calcite. Within the study area, these rocks are limit- 
ed to a single outcrop directly northeast of the junction of the 
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Figure 9. Idealized dispersal paths of heavy mineral in the 
Wildhorse Catchment (see text for discussion; bed- 
rock symbols explained in Figure 3). 
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Wildhorse and Fall Creek valleys (Dover, 1981). Consequently, 
the presence of calcite, while being a dilutant, serves to indicate 
the proximity of the former ice streams to the eastern margin of 
the trunk valley. Paleozoic clastic rocks are thought to have 
contributed little to the heavy mineral compositions of the tills. 
Of the seven heavy minerals selected as possible indicators, 
five were useful in determining the provenance of the tills. These 
are CPX, calcite, sphene, monazite, and garnet. Based on this 
conclusion and the considerations discussed above, the heavy mineral 
groups are interpreted as follows: 
1. Group A is a dilute suite, characterized by calcite and 
sphene, which is spatially associated with pebble group 
2 (sedimentary + granite) near the mouth of the canyon, 
and with pebble group 1 (sedimentary + metamorphic) near 
the confluence of Fall Creek and Wildhorse Creek. Thus, 
no unique source can be matched to group A. 
2. Group B, composed of calcite, CPX, sphene and garnet is 
a dilute suite derived from Wildhorse Canyon, and is 
associated with pebble group 1 (sedimentary + metamorphic). 
The lack of abundant CPX and the presence of sphene sug- 
gest a source from the east side of Wildhorse Canyon, 
where the calc-silicate marble unit is poorly exposed, 
and the granite unit is prominent. 
3. Group C is interpreted as a "mixed" source suite, contain- 
ing both CPX, from a metamorphic source, and sphene from 
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a granitic source. No genetic interpretation is made of 
this group, as only two samples were classified into this 
group. 
4. Groups D and E are characterized by CPX and garnet, and 
are interpreted as a source suite from the metamorphic 
source. Samples which are classififed into these groups 
are located in the Wildhorse Canyon I terminal moraine, 
on the west side of the canyon mouth (Figure 7a), the 
Wildhorse Canyon II lateral moraine, and the western por- 
tions of the Wildhorse Canyon III terminal moraine complex 
A. The undiluted nature of these groups support the con- 
clusion that Paleozoic clastic units supplied few compo- 
nents to the heavy mineral suite. 
5. Groups F and G are characterized by sphene and monazite, 
and are interpreted as source suites from the granitic 
source in Fall Creek. 
Table 4 summarizes the provenance of the tills represented 
by each of the compositional groups, and also presents correlations 
among corresponding pebble and heavy mineral groups. 
Glacial History of Wildhorse Canyon 
The distribution of provenance suites preserved in terminal 
moraines shown in Figure 7 demonstrates unmixed ice stream flow. 
After coalescing in the trunk valley, ice streams from Wildhorse 
Canyon and Fall Creek may have become thinned and attenuated in 
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Table 4. Interpretations and correlations of till compositional groups. 
Provenance Representative Compositional Groups 
Pebble Suites 
Source Diluted 
Western Wildhorse 3 1 
Eastern Wildhorse 3 1 
Fall Creek 4 2 
Mixed (?) — — 
Heavy Mil neral Suites 
Source Diluted 
D,E — 
— B(A?) 
F,G A 
C(?) — 
response to differing flow regimes, but did not mix as fluvial 
systems do. Each glacier maintained its identity, transporting 
debris characteristic of its respective source, and ultimately 
depositing this debris at the terminus as a moraine. The source 
area and flow paths of the ice streams are thus delineated by the 
distribution of unique pebble and heavy mineral suites. Further- 
more, the medial position separating the adjacent ice streams is 
marked by a lateral change in till composition across the moraine. 
Study of the till provenance then, allows reconstruction of lobal 
geometries from which inferences can be made concerning the dynamics 
of the individual glaciers. These inferences provide insights 
into the glacier history of Wildhorse Canyon which could not have 
been gleaned solely on the basis of moraine geometry. 
During the Wildhorse Canyon I phase of glaciation in Wildhorse 
Canyon, glaciers from Wildhorse Creek (East and west Wildhorse 
Glaciers) and Fall Creek merged to form a large composite glacier 
which terminated at the valley mouth as an "expanded foot" glacier 
(Figure 10). The composition of the large lateral moraine on the 
western side of the valley is fairly homogeneous and indicates 
that the till was deposited by ice from the western side of Wild- 
horse Canyon proper, referred to here as the West Wildhorse glacier. 
To the east a subtle change in composition occurs between the 
larger lateral segment on the west side of the canyon and the small- 
er one north of the East Fork and the Big Lost River. Clearly, 
both the pebble (Group 2) and heavy mineral (Assemblage A) composi- 
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Figure 10. (A) Reconstruction of ice stream geometries 
and medial positions during the Wildhorse 
Canyon I phase of glaciation based on pebble 
provenance, (Note the presence of the ice- 
dammed lake to the east of the terminus.) 
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SIGNIFICANT MINERAL  ASSEMBLAGES 
CALCITE, SPHENE 
CALCITE, CPX, SPHENE 
HBL, CPX = SPHENE, MONAZITE 
CPX 
CPX 
HBL, SPHENE, MONAZITE 
BIOTITE, SPHENE 
Figure 10. (B) Reconstruction of ice stream geometries and 
medial positions during the Wildhorse Canyon I 
phase of glaciation based on heavy mineral pro- 
venance. 
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tion of the larger lateral moraine segment establishes that it 
was deposited by the Fall Creek glacier (Fig. 10). Although one 
sample in the smaller deposit classifies within group 1, the other 
two samples contain more metamorphic clast than does any other 
sample within group 2 (Figure 5A). At a lower level of similarity, 
cluster analysis placed these two samples in a subgroup of group 
2 which could be interpreted as a mixed source suite representing 
the medial moraine. The heavy mineral assemblage in the till, 
group C, may also indicate a mixed suite. Therefore, the inferred 
position of the medial moraine separating the Wildhorse glacier(s) 
and the Fall Creek glacier is placed east of this deposit as shown 
in Figure 10. This conclusion is supported by the presence of 
ice rafter Precambrian boulders from Upper Wildhorse Canyon in 
the lake that occupied the East Fork valley during the Wildhorse 
Canyon I advance and earlier glacial maxima (Stewart, 1977; Evenson, 
et al., 1979). Along the East Fork valley, Precambrian gneissic 
erratics are found concentrated along the paleoshoreline of Glacial 
Lake East Fork at an elevation of about 2200 m (7200 ft.) for some 
7 km up the valley. The Wildhorse Canyon Dome is the only local 
source of gneiss as no Precambrian gneiss underlies the Copper 
Basin. The only reasonable explanation for the boulders is that 
they were carried by the Wildhorse glacier to the edge of Glacial 
Lake East Fork, calved off with large icebergs and were ice rafted 
to their present positions, where they were freed by melting. 
Evenson, et al. (1979) have presented evidence (flood-rafted gneis- 
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sic boulders 10 km downstream of the terminus of the Wildhorse 
Canyon moraine) for subsequent catastrophic drainage of the lake. 
These erratics require a source of gneissic debris at the calving 
terminus. Thus the (East) Wildhorse glacier must constitute at 
least part of this terminus, supporting the reconstructed geometry 
shown in Figure 10. 
The inferred position of the medial moraine suggests that 
the Wildhorse glaciers dominated the composite glacier, with ice 
from Fall Creek assuming a more lateral position (Figure 10), sug- 
gesting that a greater amount of ice flowed out from the Wildhorse 
catchment area than from the Fall Creek drainage. Glaciological 
reconstructions of the glaciers and ice flux calculations (discussed 
subsequently) support this conclusion. 
The well-preserved terminal moraine of the Wildhorse Canyon 
II advance (Figure 11) allows accurate reconstruction of the ice 
margin geometry at this phase of glaciation. The medial (between 
Wildhorse and East Creek ice) position along the terminal moraine 
is clearly defined by the abrupt break in both pebble and heavy 
mineral composition (Fig. 11A and B). This position again suggests 
a continued dominance of the Wildhorse Glacier. The distinction 
between the tills deposited by the East and West Wildhorse Glacier 
and the Fall Creek Glacier can be made on the basis of heavy mineral 
assemblages (Figure 11B). The West Wildhorse Glacier is responsible 
for deposition of the large lateral moraine (Fig. 11, group D) 
but apparently was never manifested at the snout. The west and 
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Figure 11. (A) Reconstruction of ice stream geometries and 
medial positions during the Wildhorse Canyon II 
phase of glaciation based on pebble provenance. 
(Shaded areas represent older till deposits.) 
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Figure 11. (B) Reconstruction of ice stream geometries and 
medial positions during the Wildhorse Canyon II 
phase of glaciation based on heavy mineral pro- 
venance. 
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south portions of the terminal moraine are represented by group 
B and reflect a diluted East Wildhorse source. However, in the 
absence of a continuous deposit of till along the western margin, 
the position of the medial moraine, between east and west Wildhorse 
ice streams, shown in Figure 11B is tentative, and therefore any 
dynamic implication would be speculative. 
By the time of the Wildhorse Canyon III readvance, the waning 
contribution of ice from Fall Creek resulted in a separation of 
the Wildhorse and Fall Creek glaciers (Figure 12A). This separation 
is clearly demonstrated by the provenance of pebbles and heavy 
minerals (Fig. 12A and C). This ice deployment contrasts greatly 
with the original interpretation of Stewart (1977) who postulated 
that the glacier retreated from its Wildhorse Canyon II position 
to separate positions within the two valleys, and then readvanced, 
coalescing to form the Wildhorse Canyon III terminal moraine (refer- 
red to in this work as complex A) (Figure 12B). The basis for 
the new interpretation is that the pebble composition of the till 
constituting terminal complex A, particularly along the northeastern 
side of the moraine is relatively high in Precambrian lithologies. 
If the two glaciers coalesced, as previously assumed, pebble compo- 
sitions here would not have the provenance of the Wildhorse Canyon 
metamorphic bedrock, but instead would have a Fall Creek provenance. 
Therefore, all of moraine complex A is attributed to the Wildhorse 
glacier. The heavy mineral data (Figure 12C) neither support nor 
contradict this conclusion, but rather reflect the assymetrical 
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Figure 12. (A) Reconstruction of ice stream geometries during 
the Wildhorse Canyon III phase of glaciation based 
on pebble provenance (see text for discussion). 
Figure 12. (B) Original interpretation of ice lobe geometry 
prior to till provenance investigation. 
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Figure 12. (C) Reconstruction based on heavy mineral prove- 
nance . 
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dispersal paths of heavy minerals from Wildhorse Canyon proper 
shown in Figure 9. Because this fact was unknown to Pankos (1984) 
during her study of the provenance of sediments in outwash terraces, 
she concurred with Stewart's (1977) original interpretation. How- 
ever, her conclusion is based on few sample locations in outwash 
gravels which could in fact be an admixture of glaciofluvial sedi- 
ments derived from both source areas. The revised interpretation 
requires that the Wildhorse Canyon IV moraine mapped by Stewart 
(1977) immediately upvalley becomes the corresponding terminus 
for the Wildhorse Canyon III ice of the Fall Creek glacier; hence 
this moraine was reassigned a Wildhorse Canyon III age and is refer- 
red to as complex B. 
The Wildhorse and Fall Creek glaciers apparently receded rapid- 
ly from their respective Wildhorse Canyon III positions with no 
still stands. This continuous retreat is suggested by the lack 
of deposits upvalley from the Wildhorse Canyon III termini. How- 
ever, the tributary glaciers sourced from the drainages of the 
East Fork of Fall Creek, and Moose and Surprise Valleys were occa- 
sionally active, as shown by small Wildhorse Canyon IV moraines 
deposited here (Figure 13). This may have been a consequence of 
a rising equilibrium line altitude (ELA) and the area-altitude 
distribution of the glaciers. The Wildhorse and Fall Creek gla- 
ciers, with most of their area at relatively lower elevations, 
were "starved" of snow accumulation when the ELA rose. In contrast, 
the catchment basins of the East Fork of Fall Creek, Moose and 
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Figure 13.    Reconstruction of glacier positions during the 
Wildhorse Canyon IV phase of glaciation.    Note 
lack of deposits fronting the Wildhorse and Fall 
Creek Glaciers, implying continuous retreat 
during this time (see text for discussion). 
Surprise Valleys are quite high in elevation, so that these glaciers 
were protected from the rise in ELA and remained active somewhat 
longer. 
An alternative explanation for the difference in the dynamic 
behavior of these glaciers may be due to the differences in their 
response times to climatic cooling. The response of a glacier 
to climatic change is essentially a response to changes in mass 
balance (Meier, 1965; Nye, 1960), and is a function of the longitu- 
dinal strain rate (du/dx, the change in the surface velocity with 
distance); the greater the strain rate, the quicker the glacier 
can respond to changes in mass balance (typically 2.5 to 25 years 
for valley glaciers, Paterson, 1981, p. 252). Preliminary calcula- 
tions of longitudinal strain rates for the reconstructed Wildhorse 
Canyon IV glaciers (Brugger, unpublished data) indicate that signi- 
ficant differences in response times may exist. Accordingly, if 
the climatic cooling during Wildhorse Canyon IV time was of suffi- 
ciently short duration, the larger Wildhorse and Fall Creek gla- 
ciers, with longer response times, might have reacted sluggishly 
(or not at all) while the smaller glaciers paused in their retreat. 
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RECONSTRUCTION OF THE GLACIERS IN WILDHORSE CANYON 
Introduction 
Reconstructions of former valley glaciers have been used with 
some success to provide insights on Quaternary glacial and climatic 
history of mountainous regions throughout the world. Porter (1970, 
1975; and Porter, et al., 1984) has reconstructed profiles and 
ice surface topography of Late Quaternary glaciers on the basis 
of field evidence to determine equilibrium line altitudes and pale- 
osnowlines in the mountains of West Pakistan, New Zealand, and 
Washington. In their study of the present and past climates of 
the Cumberland Peninsula, Baffin Island, Andrews and Barry (1972) 
modelled a former glacier and its mass balance to investigate the 
relationship between paleoclimate and glacierization. Haefner 
(1976) and Pierce (1979; and in Porter, et al., 1984) used recon- 
structions based on field evidence to understand the dynamic beha- 
vior of ice masses existing in the Rocky Mountains during Late 
Wisconsin time. In particular, Haefner (1976) estimated the ero- 
sion potential for former valley glaciers in the Colorado Front 
Range. Pierce (1979) calculated glaciological parameters associ- 
ated with his reconstruction of the ice field of the northern 
Yellowstone area which, in addition to providing an independent 
means for evaluating the reconstruction, allowed him to reject 
other reconstructions made on alternative interpretations of field 
data. 
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The reconstruction of glaciers in the Wildhorse Canyon area 
represents a first, semi-quantitative, attempt at relating the 
dynamics of a former composite valley glacier to the magnitude 
and deployment paths of the constituent ice streams inferred by 
detailed till provenance studies.    A model  of the former glacial 
systems developed independently of these inferences should not 
only be consistent with them, but also be glaciologically reason- 
able.    Two models are developed in the present discussion that 
satisfy this latter requirement.    However, only the second model, 
by considering possible orographic effects on mass balance, yields 
results which are consistent with the conclusions drawn from the 
provenance data. 
Method of^eaH^struction and Modelling 
Reconstruction of the full-glacial* ice masses of Wildhorse 
Canyon and modelling of the glacial  systems involved several  inter- 
related steps which can be conveniently illustrated by the flow 
chart in Figure 14.    The first step is to obtain an outline of 
the former glacier formed by the coalescing ice streams from Wild- 
horse Creek and Fall Creek by determining the extent and upper 
limit of glaciation.    The down-valley extent of the former compo- 
site glacier is delimited in part by a massive, but non-continuous, 
*The term full-glacial  is used in the sense of Pierce (1979) 
meaning at or near maximum size. 
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terminal moraine complex  (Figure 4).    In those places where defin- 
ite limits of the terminus are not recorded by moraine forms, it 
was necessary to consider other field evidence.    The confluence 
of the East Fork and Big Lost Rivers coincides with the head of 
a well developed outwash plain,  so this was presumed to be the 
maximum extent of the north-west margin of the terminus.    In the 
East Fork valley, the glacier must have abutted the steep valley 
walls to the north,  and terminated in a calving margin terminus. 
In    the East Fork valley,  the glacier must have abutted the steep 
valley walls to the north, and terminated in a calving margin (as 
discussed above) to the east.    The upper limit of glaciation was 
noted by Stewart (1977) whose mapping was later supplemented for 
this investigation by field checks, and study of topographic maps 
and areal photographs.    This limit exists in the cirque basins 
and upper reaches heading trunk and tributary valleys as the boun- 
dary dividing glacially scoured and polished bedrock and that ex- 
posed to the periglacial  processes (frost shattering, etc.).    In 
the mid- to lower reaches of the valleys, truncated spurs and erra- 
tic boulders also aid in delineating the upper limit of glaciation. 
Light colored gneissic erratics are particularly useful along the 
western wall  of Wildhorse Canyon where they occur as a discontinu- 
ous,  but distinct line sloping gently toward the canyon mouth. 
Lateral   moraines in the area are of little use in defining an 
upper limit of the former glacier(s) as these are believed to post- 
date the full-glacial stade; in fact, the presence of erratics 
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above the large lateral moraine west of the confluence of Wildhorse 
and Fall Creeks (Figure 4) demonstrates this conclusion. 
The outline of the former composite glacier thus determined 
must be considered approximate, and as having an accuracy which 
varies as the density of glacial erosional and depositional 
features. However, some optimism is expressed by Porter (1975, 
p. 33) who observed that because of the steepness of valley walls 
in former accumulation areas, "even rather large errors in the 
vertical positioning of ice limits...will not change the total 
glacier-covered area by more than a few percent". These errors 
will also tend to be distributed rather uniformly. For the pur- 
poses of reconstruction and modelling, this outline must also be 
considered as final. That is, there are no provisions within 
either of these two techniques which can justify making changes 
in the mapped ice limits; any changes must be based on evidence 
or suggestions external to the model, i.e., field observations. 
With this caveat, the reconstruction proceeds by recreating 
the surface topography of the composite glacier shown in Plate I. 
This glacier consists of the Wildhorse Glacier and its tributary 
from the Boulder Creek Valley, and the Fall Creek Glacier with its 
tributaries from the East Fork, Moose, and Suprise Valleys. Con- 
tours of the ice surfaces were drawn at 500 ft (152.4 m) intervals. 
The initial contours were shaped to connect the intersections of 
corresponding bedrock contours with the mapped glaciation limits 
by considering that:  (a) contours should be perpendicular to local 
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flow directions as constrained by "subglacial" topography; (b) the 
median altitude of the former glacier approximates the equilibrium 
line altitude, dividing the accumulation and ablation areas (Porter, 
1975); (c) in general, convergent flow occurs in the accumulation 
areas, so contours should become progressively more concave toward 
the glacier head(s); and similarly (d) because of divergent flow 
in the accumulation area, contours should become more convex toward 
the terminus. 
Longitudinal profiles (Plates II and III) obtained from the 
reconstructed ice surfaces provided estimates of ice thickness, 
h, and surface slope, a, which can then be used to calculate the 
stress generated at the base of the glacier, t, according to the 
equation given by Nye (1952): 
T = pghsina (1) 
3 
where p is the density of ice (taken here as .9 kg/m ) and g is 
the acceleration due to gravity (9.8 m/s ). Studies of modern gla- 
ciers (Nye, 1952) indicate that this parameter varies from about 
0.5 to 1.5 bars (1 bar = 100 kPascals). This narrow range suggests 
that glacier ice can be regarded as a perfectly plastic material 
with a yield stress of about 1 bar (Paterson, 1980). Stresses above 
this range would result in rapid flow and thinning of the glacier 
and consequently a reduction of stress at the base. Conversely, 
wery  low stresses would result in thickening and an increase in 
stress. Calculation of the basal shear stress is therefore, as 
Pierce (1979, p. F69) states, "a powerful tool in evaluating the 
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plausibility of reconstructions of former ice masses".    If the cal- 
culation of T for a particular reach yields a value falling well 
below or greatly exceeding this range, then contours must be ad- 
justed so that the concomitant changes in both local thickness and 
regional  slope render an acceptable value.     In addition,  because 
of their regional effects, these changes will  alter basal   shear 
stresses in contiguous reaches.    Thus through trial  and error, an 
acceptable reconstruction of the former composite glacier in Wild- 
horse Canyon was attained. 
Several details involved with the actual calculation of the 
basal  shear stress need to be explained more completely.    First, 
the present floors of the middle to lower reaches of the Wildhorse 
and Fall  Creek valleys are filled with glaciofluvial deposits to 
an unknown depth.    Hence, the values used for ice thickness in these 
places are minimum estimates.    Secondly, the equation for T given 
above is derived specifically for the case of laminar flow in an 
infinitely wide channel.    In more realistic situations, however, 
the velocity varies both along the length of the glacier in zones 
of extending (accelerating)  and compressing  (decelerating) flow, 
and across the glacier because of the drag force exerted by valley 
walls.    This non-uniform flow creates longitudinal  stress gradients 
within the glacier, making equation  (1) appropriate only by the 
use of a large-scale surface slope (Budd,  1968; Meier et al.,  1974; 
Bindschadler et al.,   1977; Paterson,   1980).    For the reconstructed 
profiles, longitudinal  stress gradients were accounted for by aver- 
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aging the slope over a distance one order of magnitude larger than 
the ice thickness. 
The drag effect of valley walls and channel   shape was consi- 
dered by Nye  (1952;   1965) who modified equation   (1) to include a 
shape factor, F, thusly: 
t = Fpghsina (2) 
The shape factor is essentially a correction factor so that 
velocities theoretically derived from the shear stress are reduced 
so to agree with those given by more rigorous analysis of flow 
through various channel  geometries.    From his numerical  solutions 
for flow through these channels, Nye  (1965, Table IV) obtained 
values for F.    The shape factor depends on the ratio of the half- 
width of the channel  to the ice thickness,  and on the channel  shape. 
The valley cross sections in Wildhorse Canyon are perhaps best des- 
cribed as parabolic,  and Nye's results for this channel  geometry 
are listed in Table 5. 
Observations by Raymond  (1971) on the Athabasca Glacier indi- 
cate that equation (2)  still  over-estimates the basal  shear stress 
because the shear stress tends not to be uniformly distributed 
across the bed as Nye's  (1965) theoretical  analysis assumed, but 
is greater at the margins than at the center.    In view of this, 
calculated values for T could be as much as  10-20% too large.    This 
error is probably greatly reduced in those places where mimimum 
estimates of ice thickness under-estimate T by a similar amount. 
Therefore   significant errors in the calculation of the shear stress 
66 
Table 5.    The shape factor, F, for parabolic channels (after 
Nye, 1965) 
W = half-width/depth 
W F 
0 0 
1 0.445 
2 0.646 
3 0.746 
4 0.806 
00
 1 .000 
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by introducing Nye's (1965) values for the shape factor, are only 
of some concern high in the accumulation areas. In some of those 
areas, it was also difficult to assign a value for F because no 
discrete channels exist. Rather, valley sides open into adjoining 
tributary valleys or coalescing cirque basins. Here the "width" 
was determined from an "idealized" channel as shown in Figure 15. 
It would appear that this idealization, since it over-estimates 
the effects of friction, under-estimates the basal shear stress 
and again partially or wholly compensates for the slightly exagger- 
ated results from equation (2). An additional effect of compression 
of the main valley ice by flow from small tributary cirques will 
be discussed subsequently. 
Longitudinal profiles of the seven major and minor tributary 
ice streams are shown on Plates II and III where values of the ice 
surface slope, ice thickness, and the calculated basal shear stress 
are indicated. Maximum ice thicknesses reach over 1400 ft (427 
m) in the upper reaches of the Wildhorse Glacier (Plate II). In 
contrast the Fall Creek Glacier and its tributaries exist as thinner 
tongues of ice. Values of the basal shear stress calculated for 
some 30 reaches of these glaciers ranged between 0.50 and 1.60 bars. 
The higher shear stresses are generally found where the ice is rela- 
tively thick as in the Wildhorse Glacier, or where the surface slope 
is steep as at the heads of the glaciers. Figure 16 shows the area- 
altitude distribution of the reconstructed glacier. 
Once an acceptable reconstruction of the glaciers in Wildhorse 
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Figure 15. Illustration of the width of an "idealized" 
channel. 
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Figure 16. Area-altitude distribution of the reconstructed 
glaciers.    Shaded portions above 8500 ft show 
area-altitude distribution of the Wildhorse Glacier 
above its confluence with the Fall Creek Glacier. 
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Canyon has been achieved, modelling of the glacial  systems can begin 
(Figure  14).    Because this modelling involves a consideration of 
the dynamics of the glaciers rather than a static determination 
of their equilibrium line altitudes  (ELA's),  some knowledge of the 
former glaciers' mass balance is necessary.    The mass balance of 
a glacier describes its mass changes with respect to time and space. 
These changes are affected through the addition of mass by the 
accumulation processes of snowfall, avalanching, freezing of rain 
water, etc.,  and through the ablation or removal of ice by the run- 
off or evaporation of meltwater, calving at the margins, sublima- 
tion, etc.    Annual  changes of mass at a point on a glacier can be 
expressed as the sum or net of all  accumulation and ablation occur- 
ring at that point during the year.    This defines the specific net 
balance, b, and varies with position (Meier,  1962).    The specific 
net balance has dimensions of length (usually water equivalent). 
In the accumulation area of the glacier b>0 and in the ablation 
area b<0; the boundary between these areas, where b=0,  is the equi- 
librium line. 
The glacier's total net balance, B,  is then given by the equa- 
tion: 
B = £bdS (3) 
where S is the total  area of the glacier.    In practice, b is aver- 
aged over some increment  (usually an elevation interval) of the 
glacier's area rather than at a point, so equation (3) becomes: 
(4) B =   2 b AS 
n=l 
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where AS is the area increment over which b is averaged, and k 
equals the number of increments. B has dimensions of volume. When 
B>0 the glacier has a positive balance and is gaining mass; conver- 
sely when B<0 the glacier has a negative balance and is losing mass. 
Continued positive balance years will cause the glacier to advance 
while negative balance years will bring about a retreat. If the 
net balance remains zero for some period of time the glacier will 
be in "steady-state". Paterson (1981) states that this is a theore- 
tical concept which is never observed. 
For the purpose of modelling the glacial systems however, the 
condition of steady-state is imposed on the reconstructed glaciers 
during full glacial time. This seems justified because the massive 
terminal moraine complex indicates that the glacier's snout must 
have been stationary for some time so as to deliver the required 
amount of sediment. Consequently the values of b were sought to 
fulfill this condition; however it is impossible to know the magni- 
tude of the accumulation and ablation processes in Wildhorse Canyon 
since exact details of full-glacial climate and glacier mass balance 
are lacking. Therefore, following the ideas of Pierce (1979) and 
Haefner (1976), a first-order approximation of the mass balance 
can be obtained by using modern glaciers of similar size and clima- 
tic regime as analogs to the former composite glacier. 
Meier and others (1971; Figure 1) provide a summary of mass 
balance data for seven glaciers which exist in continental-type 
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climatic environments. This data is reproduced in Figure 17 and 
shows the specific net balance for each glacier as a function of 
altitude. Although these glaciers represent a variety of local 
climatic settings some similarities in their mass balance curves 
are evident. The curves show that three of these glaciers (Gulkana, 
Peyto, and Dinwoody) have maximum accumulation values of about 2.0 
m (HpO equivalent). The Saskatchewan Glacier may receive greater 
than 3.0 m of net accumulation in its upper reaches but this is 
based on one measurement and may not be representative (Meier, cited 
in Pierce, 1979). Woolsey and Grasshopper Glaciers have maximum 
accumulations of about 1.5 m. McCall Glacier, because of its loca- 
tion in the dry, extremely continental climate of the Brooks Range, 
Alaska, often receives much less than 0.5 m of snow accumulation 
in its upper reaches (Wendler, et al., 1975). Another similarity 
exhibited by several of these curves is the gradient of the net 
balance near the equilibrium line (where b=0). Meier (1962) refer- 
red to this gradient as the "activity index". The activity index 
serves as a measure of the rate of mass transfer across the equili- 
brium line; in general, higher indices reflect high-precipitation 
maritime climates and lower activity indices dry continental cli- 
mates (Meier, et al., 1971). The activity index (AI) of each gla- 
cier discussed above (and shown in Figure 17) is given in Table 
6. 
Additional information on the mass balance of other glaciers 
suggests similar gradients of the balance curves near the ELA. 
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Table 6. The activity indices (Al's) of some continental regime glaciers (data and comments 
from Meier and others 1971, except where noted. 
en 
Galcier and Location 
Gulkana, Alaskan Range 
McCall, Brooks Range 
Woolsey, Selkirk Mountains 
Saskatchewan, Canadian Rockies 
Peyto, Canadian Rockies 
Grasshopper, Beartooth Mts. 
Dinwoody, Wind River Mts. 
Size, km^    AI, mm/m 
21.8 6 
5.1 2 
8.3 9 
47.0* 9 
14.0 9 
0.4 22 
3.5 13 
Comments 
rather continental 
extreme continental-type climate 
Ave, 10 
significant wind drift accumulation, 
large amounts or orographic and 
convective precipitation 
Measured from Meier's (1960)  Figure 1 and includes accumulation area, 
2 
The Ram River Glacier in the Canadian Rockies (1.9 km ) has an AI 
of 8 mm/m (Young and Stanley, 1977). Pierce (1979) states that 
the large Fedcherko Glacier in the Pamir of central Asia (approxi- 
p 
mately 150 km excluding tributaries) has a net balance gradient 
below the ELA, slightly greater than 9 mm/m. Grosval'd and Kotlya- 
kov (1969) report vertical net balance gradients (a parameter "very 
close to ...the 'activity index'...", p. 12) for glaciers in the 
moderately continental environment of the Pamirs range from 4-10 
mm/m. 
The approximate mass balance curve for the reconstructed compo- 
site glacier can be used with its area-altitude distribution (Figure 
16) to solve equation (4) by choosing the appropriate altitude for 
the equilibrium line such that B = 0 (i.e. steady state). Because 
there is some latitude in inferring a mass balance curve from modern 
examples there is no unique solution. Thus it is necessary to inde- 
pendently verify the reasonableness of the resultant ELA. The ELA 
can be approximated by taking the median of the two altitudes repre- 
senting the lowest and highest extent of the glacier (Porter, 1981). 
The ELA should also lie near or above the maximum elevation of late- 
ral moraines for it divides the zone of the glacial deposition below 
from that of erosion above (Andrews, 1975). In Wildhorse Canyon 
this method is of no use because all lateral moraines are related 
to younger, less extensive still stands of ice, presumably when ELAs 
were higher than that during the glacier's full-glacial extent. 
The lowest cirque floor elevations can provide an estimate of the 
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ELA (Andrews, 1975). But the altitude determined by this method 
represents the ELA when the cirques were occupied by relatively 
small cirque glaciers and not the equilibrium line(s) when these 
expanded and coalesced to form larger valley glaciers. The ratio 
of the accumulation area of the former glacier to the total area 
provides another check on the ELA. This accumulation-area ratio 
(AAR) on modern glaciers near steady state is generally taken to be 
0.6+0.05 (Porter, 1975, 1981; Andrews, 1975; Meier and Post, 1962; 
Grosval'd and Kotlyakov, 1969). 
Modelling of the glacial systems in Wildhorse Canyon concludes 
with the calculation of ice discharge from the two main tributary 
ice streams. Considering that if there is no loss of mass, for a 
very  small element of ice in steady state (i.e. no change in cross- 
section of the element), the mass input must equal the mass output 
(Figure 18). Hence the continuity equation for this element can be 
expressed as: 
Q + ^Q dS = b dS + Q (5) 
dS 
or 
dQ = b dS, (6) 
where Q is the discharge or mass flux; b is the specific net balance 
and varies with position; and dS is the incremental area. Integra- 
ting equation (6) over some area L which is defined as the total 
area above some line x yields: 
Qx =IL bdS,      L<S (7) 
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B 
Figure 18.    Illustration of the idea of mass continuity for a 
steady state situation (A) in a small element of 
ice; and (B) as extended to a portion of a glacier 
to determine the discharge Qx at a cross-section 
x.    b is the mass input [output) in the form of 
accumulation (ablation) averaged over a small in- 
cremental area, dS.   bn is accumulation averaged 
over some area interval, AL, on the glacier. 
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where Q is the mass flux through the glacier's cross-section at x. 
As before, b can be averaged over large area increments so that (7) 
becomes: 
J 
^x ' ^b^, (8) 
where b equals the net balance averaged over incremental area AL , 
and j equals the number of increments above x. Additionally, since 
Q = uA, (9) 
where U is the average velocity due to both internal deformation and 
sliding of the ice, and A is the cross-sectional area, then the mean 
ice velocity at the cross-section of interest is given by: 
Ux - Qx/Ax (10) 
Thus using equation (8) with the chosen net balance curve, the 
relative magnitudes of ice discharge for the Wildhorse and Fall Creek 
Glaciers can be calculated. This quantitative result may then be 
compared with the qualitative conclusions drawn from the provenance 
study. 
Model I 
The initial model (Model I) used 9 mm/m for the gradient of the 
net balance below the ELA and maximum net snow accumulation (FLO 
equivalent) of 2.0 m. These values were thought to be representa- 
tive of modern continental-type glaciers of comparable size, par- 
ticularly the Saskatchewan and Peyto Glaciers of the Canadian 
-W- 
Rockies. Maximum snow accumulations of 2.0 m for the glaciers of 
Wildhorse Canyon are on the high side of Pierce's (1979) estimates 
of the mass balance of the Yellowstone Glacier. This is because 
the source area for the Yellowstone Glacier was in icecap with open, 
horizontal slopes where the removal of snow by wind deflation was 
probably significant. In contrast, the accumulation areas of the 
Wildhorse Glacier were probably shaded and protected by the bedrock 
ridges separating these areas, not unlike those of Peyto Glacier 
today. Moreover such topography may trap windblown snow so that 
wind drift accumulation may substantially contribute to total accu- 
mulation of the glacier (Meier and others, 1971; Tangborn, 1980). 
The validity of the maximum accumulation estimate used here is con- 
sidered further in the subsequent discussion. No attempt was made 
to account for calving at the margin of the terminus (Figure 10 
and Plate I); the loss of ice here is thought to contribute little 
to the glacier's total ablation. The balance curve for Model I 
is shown in Figure 19 and compared with those of modern glaciers 
in Figure 17. 
The results of the mass balance calculations for an equilibrium 
line at 9200 ft (2804 m) are listed in Table 7. The net balance 
for the glacier, B, is equal to -0.00074 km . Because of the prob- 
able errors distributed in the measured areas and the approximate 
nature of the balance curve this is taken to be sufficiently close 
to zero. The AAR is approximately equal to 0.62 and agrees well 
with those reported for "healthy" modern glaciers. Mass flux calcu- 
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MODEL I 
MODEL II 
♦2 
ACCUMULATION 
SPECIFIC  NET  BALANCE,   m H,0 
Figure 19.    Budget curves for the reconstructed Wildhorse 
glaciers.   Model I uses a single curve for both 
the Wildhorse and Fall Creek Glaciers.    In Model 
II each glacier uses a different budget curve 
above their confluence (   8500 ft). 
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Table 7. RESULTS OF MODEL I - ELA = 9200 feet 
CXI 
ro 
ELEVATION 
INTERVAL 
ft (m) 
11000-10500 
(3363-3200) 
10500-10000 
(3200-3048) 
10000-9500 
(3048-2896) 
9500-9000 
(2896-2743) 
9000-8500 
(2743-2591) 
8500-8000 
(2591-2438) 
8000-7500 
(2438-2286) 
7500-7000 
(2286-2134) 
AREA, km2 
WILDHORSE   FALL CREEK 
3.51 
13.95 
14.32 
9.17 
10.83 
10.10 
6.66 
2.73 
6.41 
10.07 
9.46 
5.82 
4.97 
TOTAL 
9.92 
24.02 
6.66 
2.73 
bn, mh^O 
+ 1 .90 
+ 1.62 
23.78 + 1 .10 
14.99 + 0.15 
15.80 - 1.23 
10.10 - 2.61 
3.98 
5.35 
bn x AREA 
INTERVAL CUMULATIVE 
.01885 
.03891 
.02616 
.02651 
.01885 
.05776 
.08392 
.00225 .08617 
- .01943 .06674 
- .02636 .04037 
.01387 
.01461      -   .00074 = B 
108.00 = total area of qlacier 
lations can be performed to determine the relative contributions 
of the two major ice streams to the trunk valley.    Using equation 
(8), the mass flux through the cross-section at the 8500 ft  (2591 
2 
m) contour on the Wildhorse Glacier  (0.47 km ) is on the order of 
3 
0.033 km /year.    The discharge through the corresponding transect 
of the Fall Creek Glacier (0.21 km2) is 0.034 km3/year, implying 
that each ice stream contributed equally to the trunk glacier. 
These results seem inconsistent with the inferences drawn from 
the provenance data; namely the inferred position of the medial 
moraine separating the Wildhorse and Fall Creek Glaciers  (see Figure 
10) suggests that the latter contributed much less to the trunk 
glacier.    However, attenuation of an equal-sized Fall Creek ice 
stream as it enters the trunk valley could result in an offsetting 
of the medial moraine similar to its inferred position.    Therefore 
the possibility of attenuation of the Fall Creek Glacier must be 
considered.    The mean ice velocity at each cross-section given by 
equation  (10)  is roughly 70 m/year for the Wildhorse Glacier, and 
162 m/year for the Fall Creek Glacier.    Below their confluence it 
is assumed these two tributaries flow as a unit.    This assumption 
is supported by observations which indicate that the medial  septa 
separating ice streams do not mark discontinuities in velocity 
(Meier,   1960; Allen et al.,  1960).    Hence the mean ice velocity 
through the cross-section located at the 8000 ft (2438 m) contour 
(0.32 km ) can be taken to be 125 m/year. As a result, the Fall 
Creek Glacier undergoes decelerating or compressive flow as it 
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enters the trunk valley. Because the channel here is nearly sym- 
metrical, this compressive flow would be accommodated by a widening 
of the ice stream rather than its attenuation. Attenuation would 
more likely occur in the Wildhorse Glacier which experiences an 
extensive (or accelerating) flow regime over this reach. It is 
therefore concluded that this model cannot in any credible way give 
results which would be consistent with those based on the till 
provenance studies. Thus it becomes necessary to consider other 
factors which might affect the glacial system and incorporate these 
into a revised model. 
By using a single ELA for the composite glacier, Model I impli- 
citly supposes that the factors controlling the mass balance of 
the glacier were unchanging across its area. However these factors 
(precipitation, temperature, etc.) can and do vary, particularly 
in mountainous regions. This variability is responsible for the 
regional gradients of the glaciation limit (or threshold) in the 
mountains of western Canada (Ostrem, 1966), the Southern Alps of 
New Zealand (Porter, 1975), Baffin Island (Andrews and Miller, 
1972), and the Olympic and Cascade Ranges, Washington (Porter, 
1977). The glaciation limit is defined as the average elevation 
between unglaciated and glaciated summits (Andrews, 1975) and as 
such approximates the equilibrium (snow) line on temperate valley 
glaciers but lies at a higher altitude (Andrews, 1975; Porter, 
1977). 
To determine if such a gradient of the glaciation limit existed 
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in Wildhorse Canyon, an analysis of the cirque floor elevations 
was undertaken. The elevations of the lowest cirque floors are 
thought to be a good representation of paleo-snowlines and hence 
equilibrium lines (Porter, 1964; Flint, 1971; Andrews, 1975). 
Figure 20 shows the lowest cirque floor elevations for east-facing 
cirques in the Wildhorse Canyon area plotted against distance along 
an east-west transect. Linear regression defines this relationship 
(r=.81) by a steep rise in cirque floor altitude of about 31 ft 
per 1000 ft eastward (or 31 m/km). Steep snowline gradients are 
not unprecedented in areas of high relief (Ken Pierce, written com- 
munication 1980); in fact, Porter reports gradients of up to 23 
m/km in New Zealand (1975) and 25 m/km in the Cascade Range (1977). 
Therefore considering the crudeness of the method, the gradient 
of 31 ft per 1000 ft determined for Wildhorse Canyon, although high, 
is thought to be reasonable for the purpose of modelling. 
The reason for this steep gradient in the Wildhorse Canyon 
area can only be speculated about at present, however it is con- 
ceivable that this is due to orographic effects. Specifically, 
air masses of storm systems approaching from the west or southwest 
(via the Snake River Plain?) might have become progressively de- 
pleted of moisture as they traveled (north-) eastward. Nevertheless 
for whatever reason, the fact remains that snowlines and ELAs were 
higher in the Fall Creek system than in Wildhorse Canyon proper 
during occupation of the cirques by small glaciers. If these same 
factors influencing regional snowline were present during full - 
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CIRQUE  FLOOR  ELEVATIONS 
VS  DISTANCE 
9000 H 
1X7431 
0 
K>l 
I I 
1 2 
I3I . Ml 
DISTANCE, * 10* fact 
l-kml 
Figure 20. Cirque floor elevations plotted against distance. 
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glacial time, the ELAs of the major tributary glaciers, although 
lower, might be expected to exhibit a similar gradient. Porter 
(1975) has documented an analogous situation in the Southern Alps, 
New Zealand, where the gradients of the former ELAs for one Neo- 
glacial and four Pleistocene ice advances parallel the present gra- 
dient. Porter (1977) also concluded that the glaciation threshold 
during the Fraser Glaciation in the southern North Cascade Range, 
Washington, was similar to its present configuration. Lacking any 
evidence to the contrary, it was therefore assumed that the snow- 
line gradient in Wildhorse Canyon (as defined by the trend of cirque 
floor elevations) was essentially constant throughout the late 
Pleistocene glaciations. 
Model II 
Spacial variations of the climatic and topographic factors 
(discussed above) controlling the position of the equilibrium line 
on the composite glacier were introduced into a second model by 
using two different ELAs for the Wildhorse and Fall Creek Glaciers. 
The main requirement of this new model is that the ELAs are re- 
stricted to lie on a gradient comparable to that determined by cir- 
que floors in the area. It was assumed that the rise in snowline 
toward the east was accompanied by a decrease in net accumulation 
in the Fall Creek catchment basins (either by decreased precipita- 
tion, decreased wind accumulation, increased ablation, etc.). Thus 
the two tributary systems are given different mass balance curves 
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above their confluence  (Figures 17 and 19), which for simplicity 
is taken as 8500 ft  (2591 m).    The value of the maximum net accumu- 
lation in the Fall Creek system was reduced to 1.4 m (HpO equiva- 
lent); this being among the lowest values reported for the modern 
glaciers used for comparison (Figure 17).    The maximum net accumula- 
tion for the Wildhorse Glacier is kept at 2.0 m and the net balance 
gradient below the confluence is also as it was in Model   I, 9 mm/m. 
The results of the mass balance calculations for equilibrium 
lines at 8900 ft  (2713 m) for the Wildhorse Glacier and 9350 ft 
(2850 m) for the Fall  Creek Glacier are shown in Table 8.    The ELAs 
of the respective ice streams are separated by approximately 14,000 
ft    (M267 m) in an east-west direction, making the gradient of 
the ELAs about 32 ft/1000 ft.    The AAR of this model  is 0.66, repre- 
sentative of a glacier in steady-state.    According to mass flux 
3 
calculations, about 0.050 km   of ice per year discharges into the 
trunk valley from the Wildhorse Glacier with a mean velocity of 
105 m/year.    This volume is roughly three times greater than the 
3 
0.015 km    of ice discharging (74 m/year) from Fall Creek and its 
tributaries.    Considering that the average ice velocity downstream 
of the confluence is calculated again to be 125 m/year, this region 
marks a zone of extending flow for both ice streams.    This suggests 
that although each glacier was attenuated through this reach, the 
Fall Creek Glacier was thinned disproportionately.    This situation 
would allow the Wildhorse Glacier to dominate the trunk valley re- 
sulting in a position of the medial moraine separating the two gla- 
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Table 8.  Results of Model II 
ELA for Wildhorse Glacier = 8900 ft. 
ELA for Fall Creek Glacier = 9350 ft. 
ELEVATION AREA, km2 b„, HoO nkm3 
S
n 
INTERVAL ii Cum. 
n_ ft (m) Wildhorse  Fall Creek Total Wildhorse Fall Creek Interval Total 
1 11000-10500 
(3363-3200) 
3.51 6.41 9.92 + 1.95 + 1.25 .01486 .01486 
2 10500-10000 
(3200-3048) 
13.95 10.07 24.02 + 1.75 + 0.95 .03398 .04884 
3 10000-9500 
(3048-2896) 
14.32 9.46 23.78 + 1.40 + 0.50 .02478 .07361 
00 
9500-9000 
(2896-2743) 
9.17 5.82 14.99 + 0.75 - 0.15 .00600 .07962 
5 9000-8500 
(2743-2591) 
10.83 4.97 15.80 - 0.80 - 1.20 -.01463 .06499 
6 8500-8000 
(2591-2438) 
10.10 -- 10.10 - 2 .47 -.02495 .04005 
7 8000-7500 
(2438-2286) 
6.66 -- 6.66 - 3 .84 -.02557 .01447 
8 7500-7000 
(2286-2134) 
2.73 -- 2.73 - 5 .21 -.01422 .00025=B 
ciers exactly analogous to that inferred from the provenance data 
(see Figure 10). Because these results are in good agreement with 
the provenance data, it is thus concluded that by considering re- 
gional gradients of snow- and equilibrium lines, a viable model 
of the glacial systems in Wildhorse Canyon is rendered. 
Additional Considerations 
The "final" model presented here represents a first order por- 
trayal of the glaciers and glacial systems as they are thought to 
have existed in the Wildhorse Canyon area. With additional field 
observations and data, and a greater understanding of glacier dyna- 
mics and processes the model can evolve to higher levels of sophis- 
tication. This refiement is the subject of future research. At 
present a close examination of several facets of the accepted model 
is warranted. It is hoped that this will identify the strengths and 
weaknesses of the model as well as provide constraints for subsequent 
models. 
It is worthwhile to determine the magnitude of the two components 
of ice velocity at each cross-section of the tributary glaciers. 
The generalized flow law of ice can be written as 
« = A Tn, (11) 
where e is the strain rate, A and n are the flow law parameters, and 
t is the shear stress as defined previously. A depends on tempera- 
ture, crystal size, orientation, and impurities among other things; 
n is constant. For laminar flow 
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e = Jdu/dy, (12) 
where du is the change in velocity with the change in depth, dy 
(Paterson, 1981). Combining equations (11) and (12) gives 
j du/dy = Atn. (13) 
Integrating equation (13) from y=0 to y=h (ice thickness) yields an 
expression for the ice velocity due to internal deformation, u,, 
such that 
or from equation (2) 
Th 
ud = 2Atnh/(n+l) (14) 
ud = 2A(pghsina)nh/(n+l) (15) 
e mean velocity, U is approximately two-thirds this value (Nye, 
1965). n is taken as 3 so that A at 0°C is 0.163 bar yr (Pater- 
son, 1981). Because ice deforms faster at higher temperatures, the 
use of this value of A represents an upper limit on u . and u.. 
At the Wildhorse transect where r equals 0.70 bars, the mean 
ice velocity due to deformation is on the order of 7 m/year. The 
computed value for u. at the Fall Creek transect (T=0.62 bars) is 
4 m/year. Noting that 
u = ud + us, (16) 
where u  is the mean sliding velocity of the glacier and u" is given 
by equation (10), a simple calculation shows that the sliding veloci- 
ties are 98 m/year and 70 m/year for the Wildhorse and Fall Creek 
transects respectively. This means that the process of basal 
sliding at these locations accounts for greater than 90% of the ice 
motion. 
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While such high percentages of basal sliding are reported 
(Paterson, 1981), they are probably not common and are therefore 
problematic. Glacier sliding is responsible for erosion at the 
bed so the U-shape channels of Wildhorse Creek and Fall Creek attest 
to at least a moderate amount of sliding. To reduce the magnitude 
of sliding in these areas the total velocity must be diminished and/ 
or the velocity due to deformation must increase. The latter quan- 
tity is proportional to h accordingly to equation (15) with n=3. 
As discussed previously, the estimates of ice thickness, h, are 
considered to be minimums over these reaches. Hence for example, if 
the ice thickness beneath the 8500 ft contour in Wildhorse was 
underestimated by 5%, u. is about 20% too small. It seems unlikely 
that the actual ice thicknesses were in excess of the estimates by 
the amount necessary to affect an appreciable reduction in the 
sliding velocity. Another possible explanation of the relatively 
low deformation velocities would be a failure of equation (2) pro- 
perly account for longitudinal stress gradients, even with a large 
scale averaging of surface slope—the effect being higher shear 
deformation. Also not accounted for in the calculation of t and u . 
is a transverse compression which most surely must exist in areas 
such as the junctions of tributaries, particularly where flow from 
minor cirques is perpendicular to the main valley. Suffice to say 
that this would significantly increase the velocity due to deforma- 
tion within the ice. 
The total mean ice velocity at a given cross-section is by 
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virtue of the condition of continuity governed by the mass balance 
parameters chosen for the model. Reducing the total velocity is 
perhaps the most logical way to obtain a more reasonable balance 
between the components of deformation and sliding (e.g. u.'Oi ). A 
reduction of the total velocity can be accomplished by decreasing 
the amount of mass input above that particular section. Mass input 
would be lessened by simply using lower amounts of net accumula- 
tion above the equilibrium line and/or increasing the ablation 
below. Pierce (in Porter and others, 1984) has recently presented 
some evidence to suggest that snowfall in the central Idaho region 
during the Pleistocene was insufficient to furnish the Wildhorse 
Glacier with 2.0 m (HpO equivalent) of accumulation. Thus subse- 
quent models should probably utilize lower values of maximum accu- 
mulation. These models would not only be in more accord with recent 
paleoclimatic data, but would also provide a kind of "sensitivity 
analysis" of the results and conclusions of the present study. 
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CONCLUSIONS 
Based on this study of the till provenance of Wildhorse 
Canyon, it is concluded that: 
A. Till  provenance indicates the source areas from which 
the tills were derived,  and therefore reveal the flow 
path of the ice stream responsible for their deposition. 
Two major source areas are apparent in Wildhorse Canyon, 
and the distinctive lithologic and mineral source suites 
provided by each are: 
1. Wildhorse Canyon proper (including the Boulder Creek 
drainage)--mostly metamorphic  (gneissic)  lithologies 
with some granitic; clinopyroxene  (CPX) and garnet 
mineral assemblages. 
2. Fall Creek drainage—granitic lithologies;  biotite, 
hornblende, sphene,  and   monazite mineral  assemblages. 
B. These two source suites become diluted with the incorporation 
of clastic and carbonate debris as the respective glaciers 
traversed the terrain downvalley of the sources, but 
are still recognizable.    Heavy mineral  assemblages are 
diluted with calcite. 
C. The provenance of the till deposits in Wildhorse Canyon 
can be summarized as follows: 
1. The oldest Wildhorse Canyon-aged terminal moraines 
at the valley mouth are composed predominantly of 
materials derived from Wildhorse Canyon proper, 
except at the eastern-most margins where they consist 
of a (dilute) Fall Creek provenance  (Figures 5A 
& 7A). 
2. The large lateral moraine and terminal moraine complex 
at the confluence of Wildhorse and Fall Creek (Figure 
5B and 7B) are sourced from Wildhorse Canyon proper. 
The terminal moraine complex immediately upvalley 
in Fall Creek (Figure 5B and 7B) consists of diluted 
pebble and heavy mineral suites from the upper reaches 
of Fall Creek and its tributaries. 
3. The youngest moraines of the Wildhorse Canyon Glaciation 
are located only and entirely within the drainage 
of the Fal1 Creek system and thus are source or 
94 
diluted source assemblages of the underlying granitic 
bedrock (Figures 5C and 7C). 
By aiding in the reconstruction of ice stream geometries, 
till provenance revealed aspects of the glacial history 
of the Wildhorse Canyon area that were completely undetected 
by field mapping. These include: 
1. The coalescing of the Wildhorse Glacier and Fall 
Creek Glacier to form a large composite glacier 
during glacial maximum (Early Wildhorse Canyon Glacia- 
tion) (Figure 10). 
2. Dominance of the Wildhorse Glacier in the trunk 
valley during the early advance of the Wildhorse 
Canyon Glaciation (Figures 10 and 11). 
3. Separation of the ice streams constituting the composite 
glacier prior to the Wildhorse Canyon III advance 
(Figure 12). 
The provenance investigation provided additional supporting 
evidence in resolving problems discovered during field 
mapping, for example the existence of Glacial Lake East 
Fork (see p. 49 and Figure 10). 
Changes in till provenance in the moraines of the early 
phases of the Wildhorse Canyon glaciation (Figures 5A 
and 7A) indicate the medial positions separating adjacent 
ice streams; this provides a qualitative measure of the 
relative magnitudes of the Wildhorse and Fall Creek ice 
streams in the composite glacier. The inferred positions 
of the medial moraines (Figures 10 and 11) suggest that 
the contribution of ice from the Wildhorse Canyon proper 
was greater than that from Fall Creek. 
Till provenance studies provide additional constraints on 
modelling of former glacial systems in Wildhorse Canyon. A 
glaciologically reasonable model was obtained by using a 
single specific net mass budget curve for the entire recon- 
structed composite glacier. However this model suggests 
that the Fall Creek Glacier was larger in magnitude than the 
Wildhorse Glacier and thus contradicts the conclusions drawn 
from the provenance data regarding the relative sizes of each 
ice stream (conclusion F above). Therefore a second model 
was developed which would not have been developed in the ab- 
sence of the provienance studies. This model (Model II) 
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is perhaps more realistic because it accounts for possible 
orographic effects on snowline by incorporating different 
budget curves for each glacier. The results of this model 
not only support the conclusion stated in (F), but provide 
a quantitative estimate of the relative discharge of the 
Wildhorse and Fall creek glaciers, namely a ratio of 3:1. 
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Appendix I.    Pebble compositions of the till  samples. 
(Location of samples shown in Figure 21.) 
Sample Undifferentiated Undi fferentiated Undifferentiated Undifferentiated Total 
Precambrian Paleozoic Cretaceous Tertiary 
Metamorphic Meta -sedimentary Granitic Volcanic 
Rocks Rocks Intrusives Rocks 
1-1 90 10 100 
1-2 -- 100 -- -- 100 
1-3 -- 89 6 -- 95 
1-4 -- 82 14 -- 96 
1-6 -- 83 20 -- 103 
1-7 -- 98 2 -- 100 
1-8 -- 90 10 -- 100 
o 1-9 __ 94 11 2 107 
CO 1-10 2 100 3 -- 105 
1-11 2 94 4 -- 100 
1-12 14 82 7 — 103 
1-13 8 66 1 22 97 
1-14 1 97 2 -- 100 
1-15 11 87 2 -- 100 
1-16 7 92 1 -- 100 
1-17 10 85 -- 2 97 
1-18 3 98 -- -- 101 
1-19 15 83 1 3 102 
1-20 9 81 1 7 98 
1-21 17 87 -- -- 104 
1-22 upper 25 63 -- 12 100 
1-22 lower 9 68 -- 24 101 
1-23 20 65 -- 15 100 
Sample Undifferentiated Undifferentiated Undifferentiated Undifferentiated Total 
Precambrian Paleozoic Cretaceous Tertiary 
Metamorphic Meta-sedimentary Granitic Volcanic 
Rocks Rocks Intrusives Rocks 
1-24 17 83 2 1 103 1-25 13 67 -- 20 100 1-27 19 29 2 -- 50 
2-1 -- 101 1 __ 102 2-2 -- 96 4 __ 100 2-3 1 94 6 2 103 2-4 10 79 11 __ 100 2-5 1 81 15 3 100 2-6 1 87 16 »_ J04 
 , 2-7 15 84 4 — 103 
o 2-8 4 97 1   102 2-9 4 97 -- — 101 
2-10 6 97 3 __ 106 2-11 4 97 -- __ 101 2-12 3 96 2 -_ 101 2-13 4 96 1 __ 101 2-14 -- 100 -- __ 100 2-15 13 85 -- _ - 101 
2-16 18 86 — _H 104 2-17 18 81 2 2 103 2-18 11 88 1 _ _ 100 2-19 5 96 -- _ _ 101 2-20 22 78 — — _ 100 2-21 16 81 3 __ 100 
2-22 5 92 1 5 105 
2-23 7 90 2 -- 99 
o 
en 
Sample Undifferentiated Undi fferentiated Undifferentiated Undifferentiated Total 
Precambrian Paleozoic Cretaceous Tertiary 
Me tamorphie Meta i-sedimentary Granitic Volcanic 
Rocks Rocks Intrusives Rocks 
2-24 upper 13 88 101 
2-24 lower 8 92 -- — 100 
2-25 96 4 3   103 
2-26 73 21 3 3 100 
2-28 63 35 4 1 103 
2-29 36 59 2 4 101 
2-30 36 62 2 — 100 
3-1 52 24 27 _ _ 103 
3-2 61 26 18 _- 106 
3-3 57 43 19 _- 119 
3-4 41 45 9 2 97 
3-5 72 23 5   100 
3-6 21 69 7 -- 97 
3-7 63 35 3 -- 101 
3-8 58 28 15 _- 101 
3-9 18 82 7 3 110 
3-10 19 50 28 -- 98 
3-11 5 93 4   102 
3-12 15 68 15 1 99 
3-13 8 83 9 — 100 
4-1 -_ 74 26 __ 100 
4-2 — 65 36 -- 101 
4-3 — 79 23 _- 102 
4-4 
-- 54 48 __ 102 
4-5 
— 86 14 -- 100 
Sample Undifferentiated Undi ifferentiated Undifferentiated Undifferentiated Total 
Precambrian Paleozoic Cretaceous Tertiary 
Metamorphic Meta-sedimentary Granitic Volcanic 
Rocks Rocks Intrusives Rocks 
4-6 _. 91 9 100 
4-7 -- 67 36 -- 103 
4-8 -- 91 9 -- 100 
4-10 -- 100 -- -- 100 
4-11 __ 64 22 6 95 
4-12 -- 98 10 3 in 
4-13 -- -- 100 -- 100 
4-14 — 59 34 -- 97 
4-15 -- -- 100 -- 100 
4-16 -- 38 62 -- 100 
4-17 — 56 50 -- 106 
o 4-18 -- 100 -- — 100 
WILDHORSE 
CANYON      II   TERMINAL 
MORAINE   COMPLEX 
Figure 21. Location of the till samples. Shaded areas on insets show 
locations of enlargements. 
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